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SUMMARY
Mutations in the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike receptor-binding
domain (RBD) may alter viral host tropism and affect the activities of neutralizing antibodies. Here, we investi-
gated 153 RBD mutants and 11 globally circulating variants of concern (VOCs) and variants of interest (VOIs)
(including Omicron) for their antigenic changes and cross-species tropism in cells expressing 18 ACE2 ortho-
logs. Several RBDmutations strengthened viral infectivity in cells expressingACE2orthologsof non-human an-
imals, particularly those less susceptible to the ancestral strain. The mutations surrounding amino acids (aas)
439–448 andaa484aremore likely tocauseneutralization resistance. Strikingly, enhancedcross-species infec-
tion potential in themouse and ferret, instead of the neutralization-escape scores of themutations, account for
the positive correlationwith the cumulative prevalence ofmutations in humans. These findings present insights
for potential drivers of circulating SARS-CoV-2 variants and provide informative parameters for tracking and
forecasting spreading mutations.
INTRODUCTION

The emerging variants of the pandemic severe acute respiratory

syndrome coronavirus 2 (SARS-CoV-2) bring enormous chal-

lenges to public health (Lauring and Hodcroft, 2021). Mutations

occurring in viral spike protein, particularly in the receptor-binding

domain (RBD), may change the protein conformation and affect

the interaction with the host ACE2 receptor. In addition, some

RBD mutations may cause the cross-species spillover by intro-

ducing the ACE2-binding capacity to non-human species that

SARS-CoV-2 was initially insusceptible. Moreover, because the

RBD is the primary target of the neutralizing antibody (nAb)

response elicited by natural infection or vaccine immunization,

RBD mutations may confer nAb resistance and possibly increase

the re-infection risk, reducing the effectiveness of vaccines based

on the original virus.

Given the widespread and continuous evolution of SARS-CoV-

2, multiple variants constantly emerged. So far, five variants of

concern (VOCs) have been designated: Alpha (B.1.1.7), Beta

(B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron
This is an open access article under the CC BY-N
(B.1.1.529; World Health Organization, 2022; Centers for Disease

Control and Prevention, 2022). Besides, numerous variants of in-

terest (VOIs) were also identified, including the Epsilon (B.1.429),

Eta (B.1.525), Iota (B.1.526), Kappa (B.1.617.1), et al. Most

VOCs and VOIs harbor RBD mutations, such as the N501Y in

the Alpha, Beta, Gamma, and Omicron; the E484K/Q/A in the

Beta, Gamma, Kappa, and Omicron; and the T478K in the Delta

and Omicron. Before Omicron’s emergence, the K417N/E484K/

N501Y-harbored Beta variant showed the most noticeable resis-

tance to nAbs acquired from natural infection or vaccine immuni-

zation (Garcia-Beltran et al., 2021; Wang et al., 2021; Zhou et al.,

2021). TheOmicron (B.1.1.529), a recentlydocumentedandhighly

contagious VOC harboring �15 RBD mutations, is spreading

rapidly worldwide and has become a severe threat due to its

more aggressive immune evasion ability (Dejnirattisai et al.,

2022; Hoffmann et al., 2021). Several studies have investigated

the antigenic influence of representative RBD mutations. Howev-

er, the fully antigenic landscapes of RBDmutants and their cross-

species tropism remain to be explored. Exploring the underlying

association between the biological impacts and the circulating
Cell Reports 38, 110558, March 22, 2022 ª 2022 The Authors. 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Profiles of RBD mutations and ACE2 orthologs involved in the study

(A) The spatial locations and frequencies of RBDmutations involved in the study in spike/ACE2 complex structure. The left panel shows the complex structure of

ACE2 (in blue) and SARS-CoV-2 spike trimer in ‘‘up’’ mode. The spike trimer (PDB: 7KNB) is shown as surface mode, and the ACE2-binding spike monomer is

rendered as a transparent surface and the interior cartoonmodel. The right panel presents zoom-in details of the RBD/ACE2 interface. The selectedmutations are

labeled and rendered as individual residue surfaces colored according to a diagram mapping the cumulative frequencies of mutations in all viral sequences

(n = 6,619,244) in GISAID by January 1, 2021.

(legend continued on next page)
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prevalenceofRBDmutationswill be informative for forecasting the

variants that may be prevalent in the future.

Based on the analyses of viral sequences deposited at the

public SARS-CoV-2 genome database, we generated a panel

of lentiviral-pseudotyped particles (LVpp) composed of 129 sin-

gle-site RBDmutants, 24 double-site RBD (DM) mutants, and 11

VOCs and VOIs, including the newly emerged Omicron. The

infection potentials of these variants in cells expressing various

ACE2 from 18 animal species were evaluated. In addition,

the neutralizing resistance of variants to human convalescent

plasmas (HCPs) and vaccine- or vaccine-candidates-elicited

antisera and monoclonal antibodies (mAbs) were also investi-

gated. More importantly, the association among the cumulative

frequencies of circulating RBD mutations and their cross-

species infection potentials and neutralization escape character-

istics was systematically analyzed.

RESULTS

Impact of RBD mutations on the function of spike
We initially tracked the RBDmutations since August 2020. Based

on the analyses of viral spike gene variation annotations from the

2019nCoVRdatabase of ChinaNational Center for Bioinformation

(CNCB), a total of 129 RBD mutations were selected for further

tests. The spatial locations and frequencies of these mutations

in the spike/ACE2 complex structure are illustrated in Figure 1A.

For LVpp productions, we generated the spike-expressing plas-

mids with single-site mutations in combination with D614G. The

18-amino-acid (aa) of spike C terminus was replaced with a HiBit

bioluminescent tag for antibody-free detection (Figure S1A).

Compared with the parental D614G (designated S-614G), we

noted17mutants (13.2%)showed>50%spike-expressing reduc-

tion and 7 (5.4%) had notably decreased spike secretions (Fig-

ure S1B). In huACE2-H1299 cells, 17 RBD mutants showed >5-

fold decreased infectivity to S-614G (Figure 1B, as indicated by

black bars; p < 0.05 for each). In contrast, the I326V, V341I,

N354D, N370K, Q414K/R, K417N, K444R, K458N, T478R,

P479S, E484K, F490S, N501Y, P521R, and T549A showed a

>1.53 increased infectivity (Figure 1B, as indicated by pink bars;

p = 0.062 for K458N, p = 0.052 for F490S, p = 0.062 for E484K,

p = 0.061 for T549A, and p < 0.05 for others).

Broad tropism of SARS-CoV-2 for both terrestrial and
marine mammals
A total of 18ACE2orthologs fromvarious specieswere selected to

set a panel for assessment in mediating cellular entry of SARS-
(B) Infectivities of LVpp bearing mutated spikes in huACE2-H1299 cells. Data are

normalized (0.5 mg) infectious titer of LVpp is considered as a parameter indicatin

whereas the lower broken line indicates the 5-fold decrease of infectivity of S-614G

decreased infectivity are plotted in black. Statistical significance of eachmutant rela

(C) Variation of ACE2 orthologs of 18 involved species based on human ACE2 stru

ACE2 for RBD/ACE2 interaction are shown as a sticksmodel with the two helix do

followed by variations on other species listed by cartoon icons. The blue color boxe

species were from PhyloPic.org and available under the Public Domain Dedica

Commons Attribution-ShareAlike 3.0 Unported).

(D) The binding capabilities of spike proteins to rACE2 proteins of various spec

orthologs (right).

See Figures S5A and S5B for further information.
CoV-2 variants (Table S1). The key variation residues in these

orthologs at the RBD/ACE2 binding interface are shown in Fig-

ure 1C. The H1299, a human-lung-tumor-derived cell with defi-

cient endogenous ACE2 but that is TMPRSS2 expressing, was

used to develop ACE2-reconstituted cells (Ou et al., 2021; Zhang

et al., 2021). Exogenous reconstitution of human ACE2 could effi-

ciently render the H1299 cells susceptible to SARS-CoV-2 LVpp

(Zhang et al., 2021). Therefore, we generated 18 stable H1299

cell lines with exogenous expression of various ACE2 orthologs.

Flow cytometry (fluorescence-activated cell sorting [FACS]) ana-

lyses demonstrated all cell lines had a >99%positive rate for inte-

grated mRuby3 expression (Figure S2). The fluorescent spike

probe (SARS-CoV-2-STG) (Zhang et al., 2021) showed efficient

bindings with 13 of 18 cells, except those transfected with ACE2

of the ferret, horseshoe bat, mouse, brown trout, and tupaia, in

either FACS (Figure S2) or imaging assays (Figure S3). Recombi-

nant ACE2-Fc chimeric proteins (rACE2) of these orthologs were

produced forbiochemical analyses (FigureS4). TheELISA-binding

capabilities of the rACE2 proteins to two recombinant SARS-CoV-

2S-ectodomainproteins (non-prefusion-stabilizedStriFKandpre-

fusion-stabilizedS-HexaPro;Hsiehet al., 2020;Wuetal., 2021) are

shown in Figure S5A. The rACE2 proteins of human, rhesus ma-

caque, hamster, rabbit, cat, pig, puma, pangolin, and dog showed

a half-maximal effective concentration (EC50) < 100 ng/mL for both

Sproteins, suggestingpotent ACE2-spikebindings (Figure 1D, left

panel). The LVpp infection assays demonstrated that most cell

lines could efficiently support the ancestral virus entry (Figure 1D,

right panel), except those with ACE2 of tupaia, horseshoe bat,

ferret, mouse, and brown trout (Figure S5B). The ACE2 of twoma-

rine mammals, sea lion and whale, also efficiently rendered cells

susceptible to SARS-CoV-2, despite only having moderate-to-

low binding to S proteins. Overall, the binding capabilities of

rACE2 proteins to S-ectodomain proteins positively correlate

with the apparent viral infectivity inH1299 cells expressing the cor-

responding ACE2 (Figure 1D). An EC50 < 3.5 log10 ng/mL deter-

mined by rACE2-spike binding ELISA is likely to be a crucial

requirement for efficient SARS-CoV-2 pseudovirus infection.
Impacts of RBD mutations on in vitro cross-species
infection potentials
To determine host tropism influence of RBD mutations, we eval-

uated the susceptibilities of 18 ACE2-expressing H1299 cells to

112 RBD mutants (17 infectivity-decreased variants were

excluded). In cells expressing ACE2 orthologs that can support

efficient infection of the ancestral virus, most of the mutants pre-

served comparable infectivity to S-614G (<2-fold changes;
plotted as the mean ± SD of greater than or equal to three replicates. The p24-

g the infectivity. The upper broken line represents the average level of S-614G,

. Mutants with >1.53 increased infectivity are plotted in pink, and those with >53

tive to S-614G is shown only when p < 0.05. ***, p < 0.001; **, p < 0.01; *, p < 0.05

cture (PDB: 6M17). RBD is shown as awhite surface, and the critical residues of

mains colored in orange. Critical residues are highlighted by a dark background

s show the adjacent RBD residues that form contact. Silhouettes indicating the

tion 1.0 license, with the exception of Physeter catodon (Chris Huh, Creative

ies (left) and the infectivities of SARS-CoV-2 LVpp in cells expressing ACE2
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Figure 2. Cross-species infection potentials of SARS-CoV-2 spike variants

(A) Infection performance of 112 LVpps bearing single-site RBD mutated spike in H1299-expressing ACE2 orthologs. A heatmap (the lower panel) shows the

cross-species infection performance (green fluorescence units [GFUs]/well at a virus inocula of 10 ng p24) of RBDmutants in cells expressing 18 ACE2 orthologs.

The infection performance (relative to S-614G) of RBD mutants in the ferret, mouse, and horseshoe bat ACE2-expressed cells are shown in the upper panel,

whereas those in other cells are displayed in Figure S5C.

(B) The infectivities of VOC and VOI LVpps in cells expressing ACE2 orthologs of human, mouse, ferret, and horseshoe bat. Viruses were tested at three doses

(0.2, 1, and 5 ng p24, from left to right columns in each group). Data are mean ± SD of greater than or equal to three replicates (six for S-614G; four for Kappa,

Delta, B.1.620, and Omicron; and three for others). The numbers labeled on the bars indicate the average fold change of the variant relative to the S-614G, which

is calculated at 0.2 ng p24 for huACE2 cells, at 1 ng p24 for feACE2 cells, and at 5 ng p24 for hbACE2, muACE2, and untransfected cells, respectively. As the

dramatically increased infectivities of Alpha, Beta, Gamma, Omicron, N501Y/E484K, and N501Y/K417N in muACE2 cells, their infection performance at 5 ng p24

is calculated as the value at 0.2 ng p24 multiplied by 25 for comparisons with other variants. The gray broken lines under the columns show the average levels of

(legend continued on next page)
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Figures 2A and S5C). Of note, the susceptibility of H1299 cells

with ferret ACE2 (feACE2) was quite sensitive to RBD mutations

(Figure 2A). The P330S, N439K, L452R, Y453F, E484K/Q,

Q493L, and N501Y exhibited an�2-fold increased infection per-

formance to S-614G in feACE2 cells (Figure 2A). In cells express-

ing mouse ACE2 (muACE2), the K417N, E484K, and N501Y

conferred dramatically increased infectivity (Figure 2A). More-

over, the V382L, N440K, G476S, E484K, P521R, and A522S pre-

sented a R33 increased infection performance to S-614G in

horseshoe bat ACE2 (hbACE2) reconstituted cells, and E484K

had a more emphatic effect than others (Figures 2A and S5C).

The T470N, S477G, T478R, F490S, N501Y, H519P, N532K,

and T549A showed R33 infection improvements in the whale

ACE2-expressing cells (Figures 2A and S5C). By contrast, in

cells with ACE2 of tupaia (tuACE2) or brown trout (btACE2), no

mutation showed a markedly promoting effect for viral infection

(Figure 2A).

We next assessed 11 VOCs and VOIs (Figures 2B and 2C),

including the newly documented Omicron, for their infectivities

in cells expressing ACE2 orthologs of human, mouse, ferret,

horseshoe bat, and tupaia. In huACE2 cells, the Alpha, Beta,

Gamma, Epsilon, Iota, Delta, and Omicron variants, as well as

the N501Y/E484K and N501Y/K417N DM mutants, showed

1.3–3.73 higher increase (p < 0.001) in infectivity than S-614G

(Figure 2B). In contrast, the LVpp of Eta and B.1.620 displayed

reduced infectivity (p < 0.001; Figure 2B). In agreement with

the single-site RBD mutant tests, variants harboring the

N501Y, particularly for the Alpha, Beta, Gamma, Omicron, and

two DM mutants, exhibited a dramatically and over 100-fold

increased infectivity in muACE2 cells (p < 0.001; Figure 2B).

The Eta, Iota_E484K, and B.1.620, carrying E484K, but not

N501Y, displayed approximately 10–303 increased infectivity

in muACE2 cells. These findings suggested that the N501Y

played the most conspicuous contribution in rendering muACE2

cells susceptible to SARS-CoV-2. Moreover, the E484K also had

an enhanced effect on the viral infectivity in muACE2 cells, even

though it was less efficient than the N501Y. Interestingly, the

Kappa (with L452R/E484Q) and Delta (with L452R/T478K) vari-

ants also showed significantly increased infectivity in muACE2

cells (Figure 2B). However, neither L452R, T478K, nor E484Q ex-

hibited such effect in the single-site mutant tests (Figure 2A).

Therefore, it was possibly attributed to a potential synergistic ef-

fect of the dual mutations of L452R/E484Q or L452R/T478K.

Moreover, the feACE2 cells showed significantly increased

(2.4–223 increase to S-614G and p < 0.001 for each compari-

son) susceptibilities to 11 tested VOCs and VOIs and the

N501Y/E484K mutant but were less susceptible to the N501Y/

K417N (Figures 2B and 2C). In hbACE2 cells (Figure 2C), the

infectivity of Beta, Gamma, Eta, Iota_E484K, Kappa, Delta,

B.1.620, Omicron, and N501Y/E484K was slightly increased

(2.2–133 increase to S-614G; p < 0.001). In contrast, no signifi-

cant infectivity change was observed for the Alpha, Epsilon, Io-

ta_S477N, and N501Y/K417N (p > 0.05). Notably, in the
the S-614G. Dark shadows indicate the lower limit of quantification (100 GFUs/

under the Public Domain Dedication 1.0 license. Mock, uninfected control (no viru

(C) Summary schematics of the RBD mutations presented in spikes of VOCs a

p < 0.05; ++, 10–1003 increase, p < 0.05; +++,R1003 increase, p < 0.05; �, no
hbACE-H1299 cells, enhanced infectivity of the Omicron variant

may be attributed to the N440K (Figure 2A). As a control, un-

transfected H1299 cells only showed weak infection signals,

even at the highest virus dose tested (Figure 2B). Compared

with the control cells, none of the tested variants presented

improved infectivity in tuACE2 or btACE2 cells (Figure S5D).

Overall, these results suggest that several circulating RBDmu-

tants have enhanced infectivity in cells that expressed ACE2 or-

thologs of non-human animals, particularly for the mouse and

ferret. The increased infection potentials of RBD mutants in ani-

mals may expand the host range of SARS-CoV-2 and possibly

cause cross-species spillover.

Antigenic characterization for variants by mAbs
To investigate the mutations-related influence to antibodies

induced by ancestral spike derivates, we first tested the neutral-

izing activities of 9 mAbs against 48 mutants with mutations in

the receptor-binding motif (RBM) (Figure 3A). Among these

mAbs, the 4A8 is an N-terminal domain (NTD)-targeting nAb,

and others are RBD-targeting nAbs. The 4A8, COVA2-15,

BD368-2, and S2M11 were reported human mAbs isolated

from patients who have recovered from coronavirus disease

2019 (COVID-19) (Brouwer et al., 2020; Cao et al., 2020; Chi

et al., 2020; Tortorici et al., 2020); the REGN10933 was isolated

from humanized mice (Hansen et al., 2020); and the 3C8, 36H6,

2B4, and 85F7weremousemAbs developed in our lab (Wu et al.,

2022; Zhang et al., 2021). According to the recognizing modes of

these mAbs, the REGN10933 and 3C8 are class 1 nAbs; BD368-

2, COVA2-15, and 36H6 are class 2 nAbs; 85F7 and S2M11 are

class 3 nAbs; and 2B4 is a class 4 nAb (Figure 3A; Barnes et al.,

2020; Wu et al., 2022). The potencies of these mAbs were quan-

tified as half-maximal inhibitory concentration (IC50) values in

neutralizing assay (Figure S6). A >43 relative neutralizing po-

tency (rNP) decrease (>43 IC50 increase to that against S-

614G) was considered a marked immune escape. As the 4A8

is an NTD-targeting mAb, little change was observed in its activ-

ity against tested mutants (Figure S6A). The E484K caused 263

to >1003 rNP decrease on the REGEN1093, 3C8, BD368-2,

COVA2-15, and S2M11 but had little influence on the 85F7,

36H6, and 2B4. The E484A mutation showed a similar impact

as E484K on the activities of nAbs, with two exceptions on

COVA2-15 (<43 decrease) and 85F7 (4.53 decrease). The

N501Y caused a 143 rNP decrease for the COVA2-15 but had

little impairment on other mAbs. The K417N reduced the

activities of REGN10933 and 3C8 by 423 and 123, respectively.

Besides E484A/K, the mutations surrounding aa 484, including

N481D (for BD368-2), V483A (for BD368-2), F490S (for

COVA2-15, BD368-2, and S2M11), Q493L (for S2M11 and

REGN10933), and S494L (for COVA2-15, BD368-2, S2M11,

3C8, and 85F7) also conferred obvious resistance to the mAbs.

The mutations in aas 444–456 region, including the K444N (for

85F7), G446V (for COVA2-15 and 85F7), N448H (for COVA2-15

and BD368-2), N450K (for COVA2-15 and BD368-2), L452R
well). Silhouettes indicating the species were from PhyloPic.org and available

s, buffer only); ***, p < 0.001; **, p < 0.01; *, p < 0.05; ns, not significant (p > 0.05).

nd VOIs and their influence on infectivity in various cells. +, 1–103 increase,

significant change; -, 1–103 decrease, p < 0.05; –, R103 decrease, p < 0.05.
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Figure 3. Antigenic characterization for variants by mAbs and HCPs

(A) Heatmap shows changes of IC50 of mAbs against 48 RBM mutants. The heatmap generated on the IC50 fold changes to S-614G control of each mAb (see

Figure S6) against each mutant.

(legend continued on next page)
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(for COVA2-15, BD368-2, and REGN10933), Y453F (for

REGN10933), L455F (for S2M11 and REGN10933), and F456L

(for S2M11 and 3C8), could also cause an obvious neutralization

decrease in tested mAbs (Figures 2 and S6). The 36H6, a potent

nAb recognizing aas 470–490, was only sensitive to Q474K,

G476S, S477N/I, T478R, and P479S. The 2B4 mAb, showing

comparable neutralization potencies for SARS-CoV-2 and

SARS-CoV (Zhang et al., 2021), slightly lost activity against

R408I, G413R, D427Y, and E465G and were dramatically atten-

uated by V503F and Y508H. Overall, these tests reveal the mu-

tations in aas 444–456 and aas 484–494 are more likely to lead

to neutralization escape from RBD-targeting mAbs.

Antigenic characterization for RBD mutants by HCPs
We next tested 3 HCPs (P018, P019, and P020) against 112

infectivity-preserved RBD mutants for their neutralizing titer

(NT) changes. The three HCPs are derived from an early

COVID-19 cohort (Table S2) collected during the first wave of

COVID-19 in China (Chang et al., 2021; Zhang et al., 2021).

Their cross-neutralization activities against mutants were deter-

mined as the relative neutralizing titers (rNTs) to control (the NT

ratio of against mutant to that against S-614G). Among all mu-

tants, the neutralizing potency of human rACE2 (rhuACE2)

showed a >2-fold increase against the N501Y and T478K/R,

suggesting that the three mutants may have a higher-binding-

capability to huACE2 (Figure 3B). We focused on the mutations

leading to >50% neutralization decrease of the HCPs, as

shown in Figure 3B. Overall, the P018 and P019 exhibited a

similar cross-neutralization pattern (R2 = 0.52; p < 0.001) to

most variants, but the P020 had a different antigenic profile

(Figure S7A). Mutations surrounding aas 439–448, such as

N439K, N440K, K444N/R, G446V, and N448D/H/Y, caused

more marked neutralization reduction on P018 and P019 but

less influence on P020. In contrast, the E484A/K caused

more loss on the activity of P020 than that on P018/P019 (Fig-

ures 3B and 3C).

We further assessed the 3 HCPs against 24 DM mutants,

which carried combined mutations with dominant effects in

changing cross-species tropism or causing neutralization resis-

tance. The N439K/G446V, K444R/V483A, G446V/N440K, and

G446V/V483A caused a near-to-over 53 NT decrease on the

P018 and P019, whereas only slightly decreased the activity of

P020. On the contrary, the E484K/K417N weakened the NT of

P020 by about 43 but caused minor impairment for P018 and

P019. Against the N501Y/E484K, the P019 showed a more deli-

cate NT decrease than the P018 and P020. The most consistent

outcome fell on the G446V/E484A, which decreased the NT by

2.5–53 for all three HCPs (Figure 3C). These data suggest that

aas 439–448 and aa 484 are two essential antigenic regions,

where the neutralization activities of HCP antibodies are mark-

edly affected by mutations surrounding these sites.
(B and C) Influence of (B) 112 single-site RBD mutants (17 infectivity-decreas

representative HCPs and rhuACE2.

(D) A spider plot shows rNT of P018, P019, and P020 against VOCs and VOIs.

(E) Comparisons of the NT of HCPs from patients (n = 20, the upper panel) and A

longitudinal samples, only the data of their first samples are used. The black nu

variant. The colored numbers show the GMT fold decrease for each variant to S
Cross-neutralizationprofilesof the3HCPsagainst11VOCsand

VOIs were also characterized (Figures 3D and S7B). Remarkably,

in neutralizing the Omicron, P018 and P019 completely lost their

activities (half-maximal inhibitory dilution [ID50] < 20), whereas

P020 showed a detectable but quite low titer (ID50 = 26). The Om-

icron variant caused dramatic NT attenuation for nearly or over

1003 for the three HCPs, which were even more marked than

that induced by the SARS1rbd (a chimeric variant with SARS-

CoV RBD). For others, the P020 appeared to be more sensitive

than the other two to E484K-harboring variants, including Beta,

Gamma, Eta, Iota_E484K, and B.1.620. For example, the P020

showed 11–153 NT decrease against the Beta and Gamma,

whereas the P018 and P019 presented approximately 3–53 NT

reduction against the two variants. Moreover, the L452R-

harboring Epsilon, Kappa, and Delta caused a more arresting NT

decrease in P020 than P018 or P019. By contrast, the rNT of the

three HCPs decreased to 0.3–0.4 against Alpha and altered little

against Iota_477N (Figure 3D). To avoid potential bias resulting

fromthe threeHCPsamples,weadditionallymeasuredother sam-

ples in our COVID-19 cohort, which was composed of patients

recovered from COVID-19 (n = 20) and individuals with past

asymptomatic infections (ASIs) (n = 20; Chang et al., 2021; Zhang

et al., 2021). The characteristics of the involved subjects are sum-

marized in Table S2. Due to the limited sample volume, we just

tested 8 of 11 involved VOC and VOI strains (not including the

Kappa, Delta, and B.1.620). Against various variants, the cross-

neutralization profiles of longitudinal HCPs from the same subject

were overall consistent (Figure S7C) for either patients or ASIs.

However, some discrepancies were also noted in rare cases,

particularly those (like A007; Figure S7C) during the immunoglob-

ulinM (IgM)-seroclearance period. TheOmicron showed themost

striking resistance among all variants, which caused a 96.43 and

64.93 nAb geometric mean titer (GMT) decrease in patients and

ASIs (Figure 3E). The E484K-harboring Beta, Gamma, Eta, and

Iota_E484K variants attenuated the nAb GMT by 8.4–14.33,

3.4–6.63, 2.2–3.33, and 2.5–2.63, respectively. The remaining

Alpha, Epsilon, and Iota_S477N variants had less impact (�<23

decrease). Overall, HCPs either from patients or ASI presented

similar cross-neutralization profiles, and there was no significant

difference on rNT against most of these variants between the

two groups (Figure S8A). According to the cross-neutralizing pat-

terns, all tested HCPs could be divided into six groups

(Figure S8B). Of note, 21 of 40 (52.5%) were classified into group

1, including the P020. The P018 and P019were categorized into a

distinct group 5. As shown in Figure S8C, against tested variants,

the NT changes of P018 (R2 = 0.741; p = 0.003), P019 (R2 = 0.634;

p = 0.01), and P020 (R2 = 0.906; p < 0.001) significantly correlated

with the nAb GMT changes of the cohort. These data suggest the

cross-variants neutralizing characteristics of the three HCPs,

particularly for theP018andP020,canpartially represent theover-

all antigenic profile of HCPs from the early COVID-10 wave.
ed variants are excluded) and (C) 24 DM mutants on neutralization of three

SI cases (n = 20, the lower panel) against VOCs and VOIs. For 17 subjects with

mbers exhibited within the bars are the GMT (at log10) of HCPs against each

-614G. ***, p < 0.001; **, p < 0.01; *, p < 0.05; ns, not significant (p > 0.05).
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Figure 4. Cross-neutralization profiles against spike variants of sera from recombinant-vaccine-immunized animals

(A) Comparisons of the NTs of sera from recombinant spike or RBD proteins immunized monkeys (n = 6) and mice (n = 12). Sera were collected at 2 weeks after

three doses of vaccination. The numbers labeled under the spots are theGMTs (at log10). Blue shadows represent the range of 50%–200% (within 2-fold changes)

of the nAbGMT against D614G (as the white line indicated). The numbers labeled on the top show the GMT decrease fold for a variant to S-614G (only statistically

significant changes are shown).***, p < 0.001; **, p < 0.01; *, p < 0.05.

(B) Comparison of the cross-neutralizing activities of RBD- (x axis) and spike-elicited (y axis) polyclonal nAbs against variants in mice (left) and monkeys (right)

receiving three doses of vaccination. The rNT was calculated as its ID50 ratio against a variant to the S-614G for each sample.

(C–E) Comparison of the cross-neutralizing activities of HCP P020 (x axis) and vaccine-elicited (spike and RBD-based vaccine pooled) animal’s sera (y axis)

against spike variants. For both (B) and (C), the data are plotted as mean ± SEM. Comparisons of serum NT (D) and rNT (E) of animals against the Gamma, Beta,

Kappa, Delta, (B)1.620, Omicron, and G446V/E484A variants at 2 weeks after two- or three-dose spike-based vaccinations are shown. For (D), the median fold

increase in neutralization for each variant from two to three doses of immunization is shown. For (E), data from mice and monkeys are pooled for analyses; the

numbers show the median rNT fold changes. ***, p < 0.001; **, p < 0.01; *, p < 0.05; ns, not significant.
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Influence of variants on nAbs elicited by vaccination in
animals
We further investigated the impacts of VOCs, VOIs, and DMmu-

tants with a noticeable HCP neutralization resistance on nAbs

elicited by recombinant subunit vaccine in mice and monkeys.

The immunized animals are derived from our previous studies,

including four monkeys and six mice vaccinated with spike pro-
8 Cell Reports 38, 110558, March 22, 2022
tein (StriFK) and two monkeys and six mice immunized with re-

combinant RBD protein (Wu et al., 2021). We first tested sera

of these animals collected at 2 weeks after three-shot immuniza-

tions. The spike elicited higher nAb titers in both animals than

RBD (Figure 4A), suggesting the former was more immunogenic

than the latter. Against the Omicron and SARS1rbd variants,

spike-elicited antisera displayed significantly (p < 0.05) higher
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Figure 5. Associations between the cumulative frequencies and the in vitro phenotypic characteristics of circulating RBD mutations

(A) Multiple-variable bubble charts show associations among the CSI scores, NE scores, and the cumulative frequencies in humans and animals of RBD mu-

tations at four different time points. A total of 112 RBD mutations were analyzed (17 mutations with markedly reduced infectivity were excluded). The r values

(legend continued on next page)
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rNT than that elicited by RBD (Figure S9A). However, nAbs eli-

cited by the two antigens showed comparable rNTs to other var-

iants (Figures 4B and S9A). For inter-animals comparison, mice

showed significantly higher rNT to 8 of 19 variants than monkeys

(p < 0.05; Figure S9A). In both species, the cross-neutralizing

profiles of vaccine-elicited antisera were more similar to human

HCP P020 (Figure 4C) instead of P018 and P019 (Figures S9B

and S9C), and monkeys showed better correlation on rNT

against variants with that of P020 than mice (Figure 4C). Consis-

tent with findings using HCPs, the Omicron led to the most strik-

ing nAb resistance, which caused a 153 and 263 nAb GMT

decrease in monkeys and mice (Figure 4A). Besides Omicron,

vaccine-elicited nAbs in both animals showed more attenuated

neutralization against the E484A/K-harboring variants (Beta,

Gamma, Iota_484K, B.1.620, and G446V/E484A) than others.

Notably, these sera displayed relatively higher NT to the VOCs

and VOIs than HCPs; therefore, we speculated the three-shot

immunization might be a possible explanation for these differ-

ences. To validate this, we further tested the sera of spike-immu-

nized animals before the third-dose administration (2 weeks after

second shot) against seven variants. As the results show in Fig-

ures 4D and 4E, the third boost generated more nAb increase

against six of seven tested variants (except Delta) than against

S-614G in both animals. Moreover, the median rNTs of animals’

antisera significantly (p < 0.05) raised from two to three doses in

neutralizing the Beta, Gamma, Kappa, Omicron, and G446V/

E484A variants. These data appeared to be consistent with the

findings that the three-dose mRNA vaccinations help to elicit

cross-variants neutralization antibodies in humans (Garcia-Bel-

tran et al., 2022a; Nemet et al., 2021). However, even after the

third booster, the nAbs of either humans or animals against the

antigenic-distinct variants, such as Omicron, were still signifi-

cantly lower than others by several folds.
Associations between the circulating frequencies and
the in vitro phenotypic characteristics of RBDmutations
To test whether the circulating frequencies of RBD mutations

associate with their in vitro phenotypic characteristics, we calcu-

lated the frequencies of RBDmutations from all SARS-CoV-2 se-

quences in GISAID by January 1, 2022. We analyzed how the

RBD mutations were associated with their cumulative fre-

quencies from two perspectives, the one considering the

cross-species breakout potentials and the other concerning

the neutralization escape of HCPs. By four different time points

of July 1, 2020; January 1, 2021; July 1, 2021; and January 1,

2022, themultivariate regression analyses demonstrated relative

infectivity changes (fold change to S-614G) caused by RBD mu-

tations in feACE2 cells were independently associated with their

cumulative prevalences (Table S3). This association was statisti-

cally significant in either viral sequence derived from humans or
showing at the lower right corner of each panel were calculated using a univaria

quencies in humans of mutations. Red arrows illustrate mutations (also labeled in

the former time point.

(B) Dynamic changes of cumulative frequencies in humans of RBD mutations with

time. The colored shadow indicates a 95% confidential interval.

(C) Venn diagramdepicting the overlap amongmutationswith the top 25%CSI sco

cumulative prevalence (n = 19).
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non-human animals (Table S3). Moreover, the relative infectiv-

ities of RBD mutants in muACE2 cells were also independently

associated with their cumulative prevalences when analyzing

the summarized viral sequences in GISAID at time points after

2021 (Table S3). In contrast, no significant association was noted

between the mutation prevalences and their influence on viral

infectivity in huACE2-H1299 cells or the neutralizing activities

of HCPs at all time points we analyzed (Table S3).

Following these findings, we developed a cross-species infec-

tivity (CSI) score (based on the relative infectivities in feACE2 and

muACE2 cells) to characterize the cross-species spillover possi-

bility of mutation and a neutralization-escape (NE) score (based

on rNTs of P018 and P020) representing themutation-related im-

mune-escape potential. Statistically, the CSI scores ofmutations

positively correlated (p < 0.0001) with their cumulative preva-

lences in human-derived viral sequences summarized by July

1, 2020 (r = 0.417); January 1, 2021 (r = 0.557); July 1, 2021

(r = 0.583); and January 1, 2022 (r = 0.520; Figure 5A), whereas

the NE scores were not (p > 0.05). Time-series analyses revealed

the correlation coefficient (r) between the CSI scores and the cu-

mulative prevalences ofmutations presented an increasing trend

from 2020 to 2021 (Figure S10A). The dynamic changes of fre-

quencies of mutations with a CSI scoreR2.0 or cumulative prev-

alence R0.1% (by January 1, 2022) are shown in Figure 5B.

Notably, the T478K (cumulative prevalence = 59.4%), L452R

(58.9%), N501Y (21.6%), E484K (3.67%), and S477N (2.68%)

were the top five frequent mutations in human-derived se-

quences, simultaneously having relatively higher (>1.5) CSI

scores (1.76–3.90). Among 19 RBD mutations with a cumulative

prevalence R0.1%, 12 (63%) had a CSI score at the top 25%

(R1.66; Figure 5C). These results reveal the statistical associa-

tion between increased infection potentials in ferret or mouse

ACE2-expressing cells and the cumulative frequencies of RBD

mutations, suggesting a possible role of cross-species spillover

in the spread of a mutated virus in humans and animals.
DISCUSSION

We provide a comprehensive evaluation of the infection poten-

tials of circulating SARS-CoV-2 variants on cells expressing

various ACE2 orthologs. Consistent with previous studies, our

data suggest that the SARS-CoV-2 may have a broad tropism

for terrestrial and marine mammals (Conceicao et al., 2020; Liu

et al., 2021). Although there was no direct evidence to support

the infection and pathogenicity of SARS-CoV-2 in aquatic mam-

mals, several studies indicated the presence of SARS-CoV-2 in

natural water systems receiving untreated human sewage, which

should be considered a threat to mammals living in the river and

sea (Audino et al., 2021). Among species we tested, the ACE2 of

ferret, horseshoe bat, mouse, tupaia, and brown trout showed
te linear regression model to correlate the CSI scores and the cumulative fre-

red) with >5-fold increased cumulative frequencies in humans compared with

a CSI scoreR2.0 or cumulative prevalence (by January 1, 2022)R0.1% over

re (R1.66; n = 29), with the top 25%NE score (R1.83; n = 28), andwithR0.1%



Article
ll

OPEN ACCESS
weak or no binding capability to spike proteins; they were also

less efficient or inefficient in mediating ancestral SARS-CoV-2

infection (Figure 1D). However, several RBD mutations can in-

crease the viral infectivity in cells with these ACE2 orthologs,

particularly for muACE2, feACE2, and hbACE2. The mouse and

ferret are two species that should be concerned, as the former

has vast populations and close contact with humans and the

latter was a domestic animal farmed on a large scale as mink.

The mouse is naturally resistant to the ancestral SARS-CoV-2

due to the absent binding between muACE2 and the viral spike.

However, the K417N, E484K, and N501Y can markedly improve

the pseudovirus infectivity of SARS-COV-2 inmuACE2 cells (Fig-

ure 2). The effect of N501Y in rendering mice susceptible to

SARS-CoV-2 was previously found in developing the mouse-

adapted strain (Gu et al., 2020). A recent study also suggested

the N501Y and E484K and their combination effect in promoting

the pseudovirus entry in muACE2 cells (Li et al., 2021). The three

mutations are commonly present in several VOCs and VOIs.

Therefore, it is not surprising to observe the dramatically

enhanced infectivity in muACE2 cells of N501Y- or E484K-

harboring VOCs and VOIs. Notably, some recently published or

preprinted studies also showed the increased susceptibility of

themouse to the Alpha, Beta, and Gamma variants (Montagutelli

et al., 2021). For the Omicron, some preliminary in vivo studies

suggested it just caused attenuated disease in mice (Halfmann

et al., 2022), but both our and other studies demonstrated its

extended mouse ACE2 usage in cell cultures (Hoffmann et al.,

2021; Peacock et al., 2022). As Omicron also appears to cause

milder pulmonary illness in humans, its attenuated pathogenicity

in mice may be attributed to restrictions in post-entry steps.

Unlike mice, ferrets can support the ancestral SARS-CoV-2

infection when challenged with high-dose inoculum, but viral

replications are limited in the upper respiratory tract (Ryan

et al., 2021; Sawatzki et al., 2021; Shi et al., 2020). To our data,

the ferret ACE2 has a low binding capability and is less efficient

in mediating cellular entry of the ancestral virus, but several RBD

mutants showed increased infectivity in feACE2 cells (Figure 2A).

Both mink and ferret belong to the Mustelidae family and share

highly homologous ACE2, with the only differences at two posi-

tions (aa 286 and aa 548) that are not responsible for interaction

with the spike. As early as April 2020, SARS-CoV-2 outbreaks in

farmed minks caused by the human-derived virus were reported

in Europe (Oreshkova et al., 2020), warning that viral spillover

from humans to minks and its back transmission to humans is

possible and likely to happen (Koopmans, 2021; Oude Munnink

et al., 2021). The mink-related ‘‘cluster 5’’ variant carries Y453F

mutation, which showed infection enhancement in feACE2 cells

andmay improve viral fitness in the minks. Our pseudovirus data

in feACE2 cells (Figure 2C) suggest the increased infectivities of

VOCs and VOIs in ferrets and also possibly in minks. Strikingly,

several RBD mutations with noticeable effects to enhance viral

infectivity in muACE2 or feACE2 cells are found to have a high

cumulative prevalence in the GISAID SARS-CoV-2 database.

These findings suggest the cross-species transmission poten-

tials of currently circulating variants. The extended infectivity po-

tentials in originally insusceptible animals may enlarge zoonotic

viral reservoirs and bring a new infection source, highlighting

the possible contribution of variant-associated human-to-animal
spillover and animal-to-human back transmission in the acceler-

ating variants spread.

Previous studies have concerned the challenges of new vari-

ants escaping nAbs or cellular immunity elicited by natural infec-

tion or vaccine immunizations (Garcia-Beltran et al., 2021; Li

et al., 2021; Motozono et al., 2021; Wang et al., 2021). Our

data provide a systematical antigenic landscape for prospective

estimations of the immune escape possibility of continually

emerging variants harboring various RBD mutations. Mutations

surrounding aas 439–448 and aa 484 are most likely to cause

neutralization resistance to antibodies acquired from vaccina-

tions or natural infections. The N439K, N440K, K444R/N,

G446V, G447V, N448Y/D/H, and E484K/A should be considered

the most worrisome mutations that are more refractory to poly-

clonal nAbs of HCPs than others, and some of them are also

resistant to several mAbs (Figure 3). The VOCs and VOIs with

these RBD mutations usually present increased immune

evasion. Currently circulating Omicron variant, which carries crit-

ical mutations in both aas 439–448 (N440K and G446S) and aa

484 (E484A), caused dozens of folds neutralization decreases

for human HCPs and vaccine-induced antibodies (Figures 3E

and 4). Similar to that observed in humans (Choi et al., 2021; Gar-

cia-Beltran et al., 2022a), our comparison in mice and monkeys

immunized with two or three doses of ancestral spike-based

vaccine suggests additional boost could partially improve nAb

response against immune-escape variants, including Omicron.

It should be noted that the presented animal experiments fol-

lowed a short-interval immunization procedure that is different

from that administered in humans. However, for either our animal

data or results from humans who received long-interval vaccine

boosters (Ai et al., 2022; Dejnirattisai et al., 2022; Garcia-Beltran

et al., 2022b; Gruell et al., 2022), the nAbs titers elicited by three-

dose vaccinations were still markedly lower to neutralize theOm-

icron than those against other variants. These results highlight

developing next-generation COVID-19 vaccines may be

required to provide complementary antigenic coverage for the

immune-evasive variants. The antigenic landscapes of circu-

lating RBD mutations offer prospective insights to designing

new antigens of next-generation COVID-19 vaccines. Notably,

our subsequent studies following this study developed lineage-

mosaic and mutation-patched spike antigens, which could elicit

high titers of broad-spectrum antibodies to neutralize various

VOCs and VOIs, including Omicron (Wu et al., 2022).

The SARS-CoV-2 pandemic is continually evolving, with more

and more emerged lineages harboring various mutations

spreading worldwide. An interesting issue is how a mutant will

be more widespread than the most common strain. Mutation-

associated viral fitness improvements are essential to rapidly

transmitting a variant in humans. The famous D614G, with

enhanced infectivity and transmission potentials, has become

globally dominant now (Hou et al., 2020; Plante et al., 2021).

Remarkably, all five VOCs showed increased infection potentials

in muACE2- or feACE2-expressing cells (Figure 2). A key finding

of our study is that the increased infection potentials of single-

site RBD mutants in non-human animals, particularly for the fer-

rets and mice, positively correlate with their cumulative preva-

lence (Figure 5). This association provides suggestive evidence

supporting the zoonotic intermediate hosts may play a role in
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facilitating the selection and spread of SARS-CoV-2 variants,

highlighting the importance of further surveillance of viral muta-

tions in humans and animals. Timely assessment for the cross-

species infection potentials of newly emerged mutants using

the ACE2-cell panel developed in our study may enable predict-

ing their spread possibilities. Because of the absence of statisti-

cal linkage between the NE scores and the prevalences of RBD

mutations (Figure 5; Table S3), the immune-escape characteris-

tics of currently prevalent variants are more likely to be inci-

dental. However, mutations having both CSI and NE at high

scores may confer a competitive advantage for viral variant

transmission and possibly appear in emerging VOCs.

In summary, our study provides comprehensive landscapes

regarding the cross-species tropism breakout possibilities and

the antigenic changes of circulating SARS-CoV-2 variants. These

findingshighlight theantigenicdrift and thepossiblecross-species

spillover driven by viral genetic changes and will guide the predic-

tion and surveillance of SARS-CoV-2 spike mutations.

Limitations of the study
Some limitations should be noted for our study. First, we per-

formed infection and neutralization assays using pseudoviruses

instead of authentic SARS-CoV-2 variants. Although the perfor-

mance of our system has beenwell validated (Chang et al., 2021;

Zhang et al., 2021), it can only measure the entry function of the

mutated spikes in an ACE2-dependent manner. On the other

hand, we just evaluated the cross-species infection potentials

of variants in human cells with exogenous expressions of ani-

mals’ ACE2 orthologs, but the actual infections and transmis-

sions of SARS-CoV-2 in animals may be dependent on multiple

and complicated factors. Moreover, with the continuous evolu-

tion of the SARS-CoV-2, characterizations of some newly

emerged mutations not included in this study certainly require

further evaluation.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Human NTD mAb 4A8 (Chi et al., 2020) N/A

Human RBD mAb COVA2-15 (Brouwer et al., 2020) N/A

Human RBD mAb BD368-2 (Cao et al., 2020) N/A

Human RBD mAb S2M11 (Tortorici et al., 2020) N/A

Human RBD mAb REGN10933 (Hansen et al., 2020) N/A

Mouse RBD mAb 36H6 (Zhang et al., 2021) N/A

Mouse RBD mAb 3C8 (Zhang et al., 2021) N/A

Mouse RBD mAb 2B4 (Zhang et al., 2021) N/A

Mouse RBD mAb 85F7 (Wu et al., 2022) N/A

Biological samples

Human COVID-19 convalescent plasmas (Chang et al., 2021; Zhang

et al., 2021)

Table S2

Recombinant spike-protein immunized animal sera (Wu et al., 2021) N/A

Recombinant RBD-protein immunized animal sera (Wu et al., 2021) N/A

Chemicals, peptides, and recombinant proteins

rACE2 protein of human This study N/A

rACE2 protein of monkey This study N/A

rACE2 protein of tupaia This study N/A

rACE2 protein of cat This study N/A

rACE2 protein of puma This study N/A

rACE2 protein of dog This study N/A

rACE2 protein of ferret This study N/A

rACE2 protein of rabbit This study N/A

rACE2 protein of hamster This study N/A

rACE2 protein of mouse This study N/A

rACE2 protein of horse This study N/A

rACE2 protein of camel This study N/A

rACE2 protein of pig This study N/A

rACE2 protein of pangolin This study N/A

rACE2 protein of horseshoe bat This study N/A

rACE2 protein of whale This study N/A

rACE2 protein of sea lion This study N/A

rACE2 protein of brown trout This study N/A

SARS-CoV2-STG (Zhang et al., 2021) N/A

StriFK protein (Wu et al., 2021) N/A

S-HexaPro protein (Hsieh et al., 2020) N/A

Critical commercial assays

Nano Glo HiBiT Extracellular Detection System Promega Cat# N2421

Nano Glo HiBiT Lytic Detection System Promega Cat# N3040

HIV-4 Ag/Ab ELISA kit Beijing Wantai BioPharm Cat# S20080008

Lipofectamine� 3000 Transfection Reagent Thermo Scientific Cat# L3000-015

ExpiFectamineTM CHO Transfection Kit Thermo Scientific Cat# A29129

Ni Sepharose 6 Fast Flow Cytiva Cat# 17-5318-03

MabSelect SuRe resin Cytiva Cat# 17-5474-02
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Experimental models: Cell lines

ExpiCHO-S cells Thermo Scientific Cat# A29127; RRID: CVCL_5J31

H1299 cells ATCC Cat# CRL-5803; RRID: CVCL_0060

HEK293T/17 cells ATCC Cat# CRL-11268; RRID: CVCL_1926

huACE2-H1299 (human ACE2) (Zhang et al., 2021) N/A

moACE2-H1299 (monkey ACE2) This study N/A

tuACE2-H1299 (tupaia ACE2) This study N/A

catACE2-H1299 (cat ACE2) This study N/A

puACE2-H1299 (puma ACE2) This study N/A

dogACE2-H1299 (dog ACE2) This study N/A

feACE2-H1299 (ferret ACE2) This study N/A

rabACE2-H1299 (rabbit ACE2) This study N/A

haACE2-H1299 (hamster ACE2) This study N/A

muACE2-H1299 (mouse ACE2) This study N/A

hoACE2-H1299 (horse ACE2) This study N/A

camACE2-H1299 (camel ACE2) This study N/A

pigACE2-H1299 (pig ACE2) This study N/A

pagACE2-H1299 (pangolin ACE2) This study N/A

hbACE2-H1299 (horseshoe bat ACE2) This study N/A

whACE2-H1299 (whale ACE2) This study N/A

slionACE2-H1299 (sea lion ACE2) This study N/A

btACE2-H1299 (brown trout ACE2) This study N/A

Recombinant DNA

EIRBsMie-dSwtG(S614G) This study N/A

EIRBsMie-dSwtD(S614D) This study N/A

EIRBsMie-SARS1rbd This study N/A

Plasmid panel: EIRBsMie-dSwtG based single-site RBD

mutants (n=129)

This study N/A

Plasmid panel: EIRBsMie-dSwtG based double-site RBD

mutants (n=24)

This study N/A

ACE2 orthologs cDNA GenBank Table S1

Plasmid panel: pLVEF1aIHRB-ACE2 orthologs panel (n=18) This study N/A

EIRBsMie-dSuk1201G(Alpha/B.1.1.7) This study N/A

EIRBsMie-dSBR1216(Gamma/P.1) This study N/A

EIRBsMie-dSSA118(Beta/B.1.351) This study N/A

EIRBsMie-dSCAL20C (Epsilon/B.1.429) This study N/A

EIRBsMie-dSuk1188 (Eta/B.1.525) This study N/A

EIRBsMie-dSus1123A (Iota_477N/B.1.526a) This study N/A

EIRBsMie-dSus1123B (Iota_484K/B.1.526b) This study N/A

EIRBsMie-dSIND288 (Kappa/B.1.617.1) This study N/A

EIRBsMie-dSIND682 (Delta/B.1.617.2) This study N/A

EIRBsMie-dSOLV639 (B.1.620) This study N/A

EIRBsMie-dSSA668 (Omicron/B.1.1.529) This study N/A

psPAX2 Addgene RRID: Addgene_12260

pLVEF1amNG (Zhang et al., 2021) N/A

Software and algorithms

Columbus Analysis system (version 2.5.0) PerkinElmer https://www.perkinelmer.com/

GraphPad Prism (version 8.0.1/9.0.0) Graphpad https://www.graphpad.com/

FlowJo (version 10.6.0) FlowJo https://www.flowjo.com/
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Origin 2021 OriginLab https://www.originlab.com/2021

Leica LAS X (Version 3.5.5) Leica https://www.leicamicrosystems.com

SAS (version 9.4) SAS https://www.sas.com/

Python (version 3.9.6) Python https://www.python.org/

downloads/release/python-396/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Ningshao

Xia (nsxia@xmu.edu.cn).

Materials availability
All unique/stable materials and reagents generated in this study are available for non-commercial usage upon a completed material

transfer agreement (MTA).

Data and code availability
This paper does not report original code. Original images data from Figure S3 and S4 have been deposited on Mendeley at https://

doi.org/10.17632/67k5byngdx.1. Any additional information required to reanalyze the data reported in this paper is available from the

Lead Contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human COVID-19 convalescent plasma
The HCP samples (n = 61) from patients with confirmed COVID-19 (n = 20) and people with past asymptomatic infections (n = 20)

were used for antigenic analyses (Figure 3). All HCP samples were collected during the early wave of the pandemic and were positive

for total RBD antibody, RBD-IgG, and neutralizing antibody (Chang et al., 2021; Zhang et al., 2021). The detailed information of these

cases is shown in Table S2. Longitudinal samples (R2-time points for each case) with amedian follow-up of 44-daywere available for

17 subjects (5 patients and 12 ASI), and single-time-point samples were available for others. The study was approved (number:

SPHIRB-202101) by the institutional review board of the School of Public Health of Xiamen University following the Declaration of

Helsinki, and written informed consent was obtained.

Vaccine-immunized animal sera
Sera from 6 monkeys and 12 mice with recombinant protein-based vaccine immunizations were enrolled (Figure 4). These animals

were derived from our previous study (Wu et al., 2021). Among the monkeys, 4 were immunized with the StriFK-based (trimeric S-

ectodomain) vaccine (20 mg per dose), and the other 2 were immunized with RBD-based vaccine (20 mg per dose) following an im-

munization schedule of one priming dose at week 0 plus two boosters at weeks 2 and 6. For mice, half (n = 6) were with StriFK-based

vaccine (1 mg per dose), and the other half were immunized with RBD-based vaccine (1 mg per dose) following an immunization

schedule of one priming dose at week 0 plus two boosters at weeks 2 and 4. Animal studies were conducted in strict accordance

with the recommendations of the Guide for the Care and Use of Laboratory Animals under the approval of the Institutional Animal

Care and Use Committee of Xiamen University (mouse) or JOINN Labora-tories, Inc (monkey).

Cell lines
The HEK293T/17 and H1299 cells were Dulbecco’s modified Eagle medium (Sigma, D6429) supplemented with 10% fetal bovine

serum (Thermo Scientific, 10099-141) and 0.1 mM non-essential amino acids (Thermo Scientific,1140-050). All cell lines (H1299-

derived) expressing ACE2 orthologs were cultured with the same medium but supplemented with blasticidin (10mg/mL). The

HEK293T/17, H1299, and ACE2-expressing H1299 cells were at 37�C and 5% CO2 in a humidified incubator. The ExpiCHO-S cells

were cultured with ExpiCHOTM Expression Medium (Thermo Scientific) in a stackable CO2 incubator shaker.

METHOD DETAILS

Analysis and selection of RBD mutations among circulating SARS-CoV-2 isolates
We initially analyzed circulating RBD mutations based on the variation annotation of 2019 Novel Coronavirus Resources

(2019nCoVR) at CNCB-NGDC (https://ngdc.cncb.ac.cn/ncov/) on Aug 2020 (Zhao et al., 2020). The complete genome sequences
Cell Reports 38, 110558, March 22, 2022 e3

mailto:nsxia@xmu.edu.cn
https://doi.org/10.17632/67k5byngdx.1
https://doi.org/10.17632/67k5byngdx.1
https://ngdc.cncb.ac.cn/ncov/
https://www.originlab.com/2021
https://www.leicamicrosystems.com
https://www.sas.com/
https://www.python.org/downloads/release/python-396/
https://www.python.org/downloads/release/python-396/


Article
ll

OPEN ACCESS
used for generating the variation annotation table were obtained from CNGBdb, GenBank, GISAID, GWH, and NMDC databases.

First, the non-human derived or low-quality sequences were removed. In addition, each degenerate base in the genome was

substituted with corresponding bases for keeping every possible amino acid mutation in every record which shared the isolate count

number. Finally, a total of 129mutationswere selected for functional analysis (Figure 1A), according to the following refining criteria: (i)

detected in more than two independent sequences; (ii) mutations in epitopes of reported neutralizing antibodies; (iii) amino acid sub-

stitution to that identical with SARS-CoV.

The prevalence of the mutations was calculated based on the protein sequences of the spike in the GISAID databases (ac-

cessed on January 4, 2022). The sequence set was downloaded from the GISAID website directly and aligned to the reference

spike protein sequence (spike sequence from EPI_ISL_402124). The species origination and collection date were extracted

from the FASTA title for further filtering. The records with collection dates specifying only the year were excluded, while the

date specifying only the year and month were assumed to have occurred on the 15th of that month. The counts and frequencies

of mutations at each selected RBD site were then computed using this sequence dataset. In calculating the frequencies of mu-

tations, the cumulative prevalence value was set as a minimum value when the cumulative count from GISAID was zero. Thus, in

detail, zero in human-derived or total viral sequence dataset, the prevalence calculation was set as 10�6 for time points in 2020

and 10�7 in 2021, whereas zero in the animal-derived viral sequence dataset calculation was as 10�3 for time point earlier than

October 1, 2020, and 10�4 for the else.

Productions of pseudoviruses bearing SARS-CoV-2 spike variants
Plasmids containing spike variant-expressing cassettes were generated by site-directed site-specific mutagenesis on a mamma-

lian vector (EIRBsMie-dSwtD, containing codon-optimized spike gene from MN908947.3). The 18aa from the C-terminus of the

spike was replaced with a HiBit bioluminescent tag (14aa, GSGVSGWRLFKKIS) for detection using split-NanoLuc assay (Prom-

ega) (Dixon et al., 2016). To our data, the HiBit-fusion didn’t influence the production and infection of pseudovirus. The plasmids

for expressing D614G mutated spike (EIRBsMie-dSwtG) were constructed as the parental vector for other variants. A plasmid

designated SARS1rbd, encoding a chimeric spike of SARS-CoV-2 with SARS-CoV RBD replacement, was also constructed as

a control. The spike expression cassettes of VOC/VOI variants (Figure 2B), including Alpha/B.1.1.7 (referring EPI_ISL_601443),

Beta/B.1.351 (referring EPI_ISL_700428), Gamma/P.1 (referring EPI_ISL_792680), Epsilon/B.1.429 (referring EPI_ISL_873881),

Eta/B.1.525 (referring EPI_ISL_762449), Iota_477N/B.1.526a (referring EPI_ISL_995145), Iota_484K/B.1.526b (EPI_ISL_1009654),

Kappa/B.1.617.1 (referring EPI_ISL_1595904), Delta/B.1.617.2 (referring EPI_ISL_1662451), B.1.620 (referring EPI_ISL_1620228),

and Omicron/B.1.1.529 (referring EPI_ISL_6704867) were also generated via site-specific mutagenesis on the EIRBsMie-dSwtG.

For productions of SARS-CoV-2 variants-bearing LVpp, the spike-expressing plasmid, the lentiviral packing plasmid of psPAX2,

and the mNeonGreen reporter vector (pLVEF1amNG) were co-transfected into 293T cells using Lipofectamine� 3000 (Thermo

Scientific). Two days after transfection, the supernatants were collected and filtrated by a 0.45-mm pore size filter. Both superna-

tants and cell lysates were subjected to spike protein detections using Nano-Glo� HiBiT luminescent detection system (Promega).

Moreover, the p24 concentrations of viral stocks (supernatants) were determined by using an HIV-4 Ag/Ab ELISA kit (Wantai, Bei-

jing, China) in calibrating with the p24 quantitative standards (Beijing Controls & Standards Biotechnology Inc., China). The p24

concentrations of viral stocks were expressed as U/mL (1 U = 50 pg of p24 antigen). Aliquot viral stocks (supernatants) were

stored at �80�C freezer until use.

Recombinant expressions of ACE2 orthologs, viral spike proteins, and nAbs
The reference cDNA of 18 ACE2 orthologs (Table S1) were synthesized (Generalbiol, Anhui, China). Recombinant proteins of ACE2-

Fc (ACE2 extracellular domain fusedwithmouse IgG1 Fc) chimeric proteins were expressed and purified as previously described (Lei

et al., 2020). Two recombinant SARS-CoV-2 S-ectodomain proteins (non-prefusion-stabilized StriFK and prefusion-stabilized S-

HexaPro) were also prepared as described (Hsieh et al., 2020; Zhang et al., 2021). The encoding sequences of heaven chain and light

chain of reported nAbs of 4A8, COVA2-15, BD368–2, S2M11, and REGN10933 were synthesized (Generalbiol, Anhui, China) in a hu-

man-IgG1 backbone for recombinant expression. The mouse RBD-targeting nAbs of 36H6, 3C8, 2B4, and 85F7 were generated via

mouse hybridoma technology as previously described (Zhang et al., 2021). The variable regions of thesemousemAbs were obtained

via RT-PCR using mRNA isolated from the corresponding hybridoma cells and were cloned into the expressing vector in chimeric

with human IgG1 backbone. All expressions of recombinant proteins and antibodies were performed by using ExpiCHO-S cells

(Thermo Scientific). In brief, the plasmids were transfected into ExpiCHO-S cells using ExpiFectamine CHO transfection kit (Thermo

Scientific, A29129). Subsequently, transfected cells were cultured in a stackable CO2 incubator shaker (K€uhner AG, SMX1503C) for

7-day. The rACE2 proteins and antibodies were purified from cell culture supernatants usingMabSelect SuRe resin (Cytiva), whereas

the spike proteins were purified using Ni Sepharose 6 Fast Flow (Cytiva).

Generation and characterization of cell lines expressing ACE2 orthologs
The H1299 cell line stably expressing human ACE2 was developed and described in our previous study. Other cell lines expressing

non-human ACE2 orthologs were generated via transduction by lentiviral vectors. Briefly, the cDNA of ACE2 orthologs were synthe-

sized (Generalbiol, Anhui, China) and cloned into a pLVEF1aIHRB vector containing an IRES-driven expression cassette of

H2BmRuby3-P2A-BsR (Zhang et al., 2021). The lentiviruses carrying full-length ACE2 orthologs (driven by an EF1a promoter)
e4 Cell Reports 38, 110558, March 22, 2022
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were produced in 293T cells. Subsequently, stably-transduced cells were enriched via FACS cell sorting (by activated red fluores-

cence of H2BmRuby3) and blasticidin selection.

Infection and neutralization assays based on pseudoviruses
For LVpp infection assays, H1299 cells expressing ACE2 orthologswere seeded in a 96-well plate with an optically clear bottom (Cell-

Carrier-96 Black, PerkinElmer) at 63103 cells/well. After 16–18 h of culture, the cells were incubated with viral stock dilutions

(60 mL+60 mL fresh culture medium) at 37�C in a CO2 incubator. Two-day later, the fluorescence images of the cells were acquired

by using Opera Phenix high-content imaging system (PerkinElmer). The mNeonGreen (infection-reporter) activated cell number of

each well was determined and expressed as the green-fluorescent unit per well (GFU/well). For determinations of infectious titers

of pseudoviruses, 2-fold serial dilutions of viral stock were prepared and measured by infection assays. To our experience, the

LVpp infection assay has a linear dynamic range of about 50-5,000 GFU/well. The infectious titers of viral stocks were calculated

by the log-log regression model. For comparisons of the infectivities of pseudoviruses bearing various spikes, the infectious titers

(GFU/mL) or infection performance (GFU/well) of variants were normalized with their p24 concentrations.

For neutralization tests, serially-diluted samples (rACE2 proteins, HCPs,mAbs, or immunized animal sera) were pre-incubatedwith

an LVpp inoculum (2,500 GFU/well) for 1 h. Then, the mixtures were incubated with the huACE2-H1299 cells that pre-seeded in 96-

well cell culture plates. Following the abovementioned infection assay and imaging analysis procedures, the infection performance of

eachwell was obtained and the neutralizing activity was calculated. The ID50 or IC50 was determined by the 4PL regression onGraph-

Pad Prism v8.0 as previously described (Chang et al., 2021).

Measurements of the ELISA-binding capability between rACE2 and spike proteins
For measurements of the binding capabilities between rACE2 and spike proteins (Figures 1D and S5A), ELISA plates were coated

with StriFK or S-HexaPro at 200 ng/well. A series of 3-fold series dilutions that ranged from 10,000 to 0.056 ng/mL for each

rACE2 protein were prepared. For the assay, 100 mL of rACE2 dilutionswere added to thewell and incubated for 1-h at 37�C, followed

by washing and reaction with the goat anti-mouse IgG (HRP) (Wantai, Beijing, China). Following a further 1-h incubation, the plates

were washed five times and then reacted with chromogen solution (100 mL/well). Finally, the reaction was stopped by adding 50 mL of

2 M H2SO4, and the OD value (OD450-630) was measured on an absorbance plate reader. Three replicates were done for each

concentration.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data visualization and graph generationwere conducted usingGraphPad Prism version 8.0.1 or version 9.0.0, Origin 2021, or Python.

GraphPad Prism or SAS 9.4 was used for statistical analysis. The Student’s t-test or Mann-Whitney U test was used to compare

continuous variables between two groups according to the data distribution (normal or non-normal distribution). The one-way

ANOVA test was applied to analyze differences among groups. The calculations of 95% confidence interval of ratios were calculated

based on the Poisson distribution. The cross-species infectivity score (CSI score) of the mutation is defined by the sum of relative

infection performance (RI, fold-change to S-614G) in the feACE2 and muACE2–H1299 cells: CSI = (RI feACE2) + log10 (RI muACE2).

The HCP neutralizing escape score of themutation (NE score) is defined by the rNT of two different HCP samples (P018 and P020):

NE = (rNT P018 3 rNT P019)-1.

The association between two variables was evaluated by the Pearson correlationmethod and univariate linear regressionmodel. In

addition, multiple linear regression was used to explore the independent association factors of the cumulative prevalence of

mutations in human- or animal-derived viral sequences. p values less than 0.05 were considered to be statistically significant.

If not otherwise stated, the mean or median value of 3 technical replicates was used for quantification assays. ***, p < 0.001;

**, p < 0.01; *, p < 0.05; ns, not significant (p > 0.05)
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